Benito, Sonia, Susana Buxaderas, and M. Teresa Mitjavila. Flavonoid metabolites and susceptibility of rat lipoproteins to oxidation. Flavonoids are ingested with vegetables and beverages and exert a beneficial effect on cardiovascular disease. Studies in animals in vitro and in humans ex vivo on the resistance of lipoproteins to oxidation are not consistent and the mechanisms by which flavonoids protect against atherosclerosis are a matter of debate. In the present study, we investigated the effects of administering diets containing 0.3% (wt/wt) quercetin, 0.3% (wt/wt) catechin, or 35% (vol/wt) dealcoholated red wine (DRW) for 10 days in healthy rats on markers of oxidative damage in lipoproteins and in plasma. The antioxidant levels in low-density lipoproteins (LDL) or the lag phase, oxidation rate, and maximum level of conjugated dienes during ex vivo LDL oxidation did not differ between control and treated rats. Plasma levels of ␣-tocopherol and retinol were similar in all groups. The total antioxidant status of the plasma from rats fed either quercetin or DRW diet was higher than in control rats. Only glucuronide and sulfate compounds of quercetin were detected in plasma from rats fed the quercetin-rich diet, and no flavonoids or their metabolites were detected in plasma or LDL from rats fed the catechin-or the DRW-rich diet. No significant differences in malondialdehyde or in conjugated dienes in plasma were observed. These results indicate that although metabolites from quercetin are present in plasma, they are not detected in lipoproteins and do not modify the level of other antioxidants. In conclusion, in the absence of any pathology or of oxidative stress the intake of quercetin, catechin, or DRW did not protect lipoproteins from oxidation ex vivo.
THE PROTECTIVE EFFECT of flavonoids in the diet is of much interest and the biological activity of these polyphenolic compounds is of great importance in understanding the health benefit derived from a diet rich in flavonoids. Flavonoids like quercetin and catechin are potent antioxidants in vitro (35) and reduce the oxidative damage to LDL mediated by macrophages that is involved in atherogenesis (14, 36) . In vitro studies suggest that the protection is achieved by chelating Cu 2ϩ ions (6) , scavenging superoxide anion, and singlet oxygen or sparing associated antioxidants of LDL (14) .
Red wine polyphenols attenuate the ApoB100 production and increase LDL receptor expression in cultured hepatocytes (30) . In addition, the consumption of red wine, rich in quercetin and catechinin on the oxidative resistance of LDL to oxidation ex vivo are scarce and not consistent (13, 18, 19, 27) and the mechanisms by which dietary flavonoids might protect LDL against oxidation are unknown. Although there is evidence of intestinal absorption of flavonoids, such as quercetin (11, 28, 41) , one study (26) showed that flavonoids are metabolized by enterocytes and by the liver. Metabolites from quercetin and catechin are detected in plasma (1, 15, 26) . The metabolism implies substitution of phenolic groups, which modifies the physical-chemical and biological properties of flavonoids and thus their effectiveness in vitro (44) . Nevertheless, little is known about the biological activities of the metabolites of flavonoids that appear in blood. Also, only two studies (22, 38) have been published on the presence of flavonoids or their metabolites in LDL in humans, but there have been no such studies in rats. Flavonoids are more hydrophilic than their aglycons and are likely to be linked to LDL, increasing their resistance to oxidation, either directly by protecting LDL lipids and proteins or indirectly by regenerating LDL antioxidants.
The purpose of this study was to assess whether the forms of flavonoids present in plasma after their absorption and metabolism protect rat lipoproteins and plasma against oxidation. The presence of flavonoids or their metabolites in lipoproteins has also been studied.
METHODS

Animals and diets.
Male Sprague-Dawley rats weighing ϳ175 g were purchased from Harlan Interfauna Ibérica, Barcelona, Spain. The rats were housed in temperature-controlled rooms (21-23°C), with 40 -60% humidity, and exposed to a 12:12-h light-dark cycle. Rats were divided into four groups and for 10 days fed one of the following semipurified diets (Table 1 ) prepared in our laboratory: 1) control diet, 2) 0.3% (wt/wt) quercetin diet, 3) 0.3% (wt/wt) catechin diet, and 4) 35% (vol/wt) dealcoholated red wine (DRW) diet. A high amount of flavonoids or DRW was used to favor their detection in LDL because most animal and human trials of oral dosages of quercetin aglycon show absorption in the vicinity of 20%. Diets were manufactured and stored at Ϫ20°C under vacuum until use to prevent oxidation and loss of antioxidants. Fresh food was provided once a day. Animals had free access to food and water. The experimental protocols were reviewed and approved by the University of Barcelona Ethical Committee for Animal Experimentation, in accordance with the European Community guidelines.
DRW was prepared from a common commercial wine made in Spain. Alcohol was removed in a rotary evaporator at a maximum temperature of 30°C. Vacuum was applied progressively up to Ϫ70 bars to avoid mechanical stress. Evaporated ethanol was replaced by acidulated distilled water and the pH was adjusted to the original wine pH. Gas chromatography analysis was used to determine traces of ethanol in the DRW. Total polyphenols of the red wine and DRW were measured by the Folin-Ciocalteau colorimetric method, with the use of gallic acid as standard. The phenolic and anthocyanin content of the red wine and the DRW was evaluated by HPLC with diode array detector, as described by Castellari et al. (9) . At the end of the dietary period, rats were fasted for 18 h. Blood was withdrawn from the heart into heparinized tubes under sodium urethane (1.5 g/kg ip). Plasma was obtained by blood centrifugation at 1,700 g at 4°C.
Isolation and oxidation of LDL. LDL were isolated from freshly prepared plasma from individual rats. This fraction contained LDL plus VLDLs and was verified by electrophoretic mobility. However, the VLDLs were poorly represented and this fraction will be referred to as LDL. The LDL fraction was obtained by adjusting plasma samples to 1.063 g/ml by the addition of solid NaBr and overlayed with PBS (20 mM sodium phosphate with 0.15 M NaCl, pH 7.4) containing 0.01% EDTA and NaBr. The density of this solution was 1.063 g/ml as verified with a pycnometer. Centrifugation was performed at 100,000 g for 20 h at 4°C. The top fraction (LDL) was passed through a PD10 column (Amersham Pharmacia Biotech; Buckinghamshire, UK) to remove NaBr and EDTA and concentrated with filters (Biomax membrane 10,000 Da, Millipore; Bedford, MA). This purified LDL fraction was immediately used for the kinetic oxidation study. LDLs were also used without the removal of EDTA. LDL aliquots for flavonoids and the determination of metabolites were immediately acidified to pH 4.9 by adding 18 l of 0.58 M acetic acid and stored at Ϫ80°C. For the other measurements (␣-tocopherol and retinol), aliquots were stored at Ϫ80°C in 10 mM butylated hydroxytoluene in the dark until analysis. Additional aliquots were stored at Ϫ80°C for total antioxidant status (TAS) determination. The LDL fractions were used within 1 wk. Protein concentration was measured in aliquots of LDL and plasma by the Bradford method (Bio-Rad; Hercules, CA), using BSA as standard.
LDL oxidation (16) was performed with 50 g/ml LDL protein freshly isolated and purified in quartz cuvettes. Oxidation was initiated by the addition of CuCl 2 (6 M final concentration) in oxygenated PBS (pH 7.4). The kinetic of the oxidation monitored the increase in the conjugated dienes (CD) absorbance at 234 nm every 10 min at 37°C for up to 5 h in a spectrophotometer equipped with a thermostated multiple cell positioner. The end of the lag phase (in min) was defined as the intercept of the straight lines derived from the lag phase and the propagation phase. The maximum rate of formation of CD (mmol/g LDL protein/min), defined as the tangent of the steepest part of the oxidation curve, and the maximum amount of CD formed were calculated using a molar extinction coefficient of 2.95 ϫ 10 4 M/cm. ␣-Tocopherol and retinol were measured (4) in 100 g LDL protein by using 100 l of 0.1 mM ␣-tocopherol acetate as internal standard. Lipids were extracted by mixing LDL/water/methanol (0.2: 1:1; vol/vol/vol) in a glass tube. Then, 3 ml of n-hexane were added to the mixture, vortex stirred, and centrifuged to separate the organic phase. The organic phase was dried under a continuous stream of N 2 and subsequently redissolved in 250 l of ethanol. ␣-Tocopherol and retinol were separated on a LiChrospher 100 RP 18 (250 mm ϫ 4.6 mm, 5 m) supplied by Amersham Pharmacia (Uppsala, Sweden) with 100% methanol as eluent at a flow rate of 1.5 ml/min and their ultraviolet absorption at 290 and 325 nm, respectively, was recorded (16) by HPLC (Merck-Hitachi; Darmstadt, Germany). The internal standard recovery was 95-98%. TAS was assayed in 100 g of LDL protein using the TAS kit (Randox Laboratories; Crumlin, UK), based on the inhibition by antioxidants of the absorbance of the radical cation of 2,2Ј-azinobis(3-ethylbenzothiazoline 6-sulfonate) (ABTS), formed by the interaction of ABTS with the ferrylmyoglobin radical species generated by the activation of metmyoglobin with H 2O2.
For the detection of flavonoids and their metabolites, 800 g of LDL protein from a pool of four rats were used and incubated for 30 min at 37°C in a shaking water bath in the absence or presence of both 5 ϫ 10 6 U/l ␤-glucuronidase and 2.5 ϫ10 5 U/l sulfatase from Helix pomatia. For ␤-glucuronidase one unit is 1 M of 4-nitrophenolreleased from 4-nitrophenol-␤-D-glucuronide/min at pH 7 and 37°C. For sulfatase one unit is 1 mol of 4-nitrophenyl-sulfate hydrolyzed per minute at pH 7.1 and 37°C. The reaction was stopped by the addition of 1 ml of methanol, mixed by vortex for 1 min, sonicated for 30 s, and centrifuged. The supernatant was evaporated under nitrogen stream and redissolved with methanol to a volume of 250 l. Quercetin and its metabolites were analyzed by HPLC (26) . Catechin and its metabolites were detected as described by Piskula and Terao (32) . Flavonoids from wine were also determined. The percentage of recovery was estimated to be Ͼ90% using pure quercetin or catechin in control samples treated in parallel. Detection limits were 0.25 M for quercetin and 0.5 M for catechin. The quality control of the intraand interassays was Ͼ95% of reproducibility.
Assays in plasma. Plasma aliquots (500 l) for ␣-tocopherol and retinol, malondialdehyde (MDA), and CD were stored at Ϫ80°C for maximum one wk with 10 l of 10 mM butylated hydroxytoluene to prevent further oxidation. Additional 10 l of plasma were stored at Ϫ80°C for TAS determination. Plasma samples (180 l) for flavonoids and their metabolite determinations were immediately acidified to pH 4.9 by adding 18 l of 0.58 M acetic acid to prevent a drift of pH and stored at Ϫ80°C. All the assays with plasma were performed within 1 wk. ␣-Tocopherol and retinol (100 l) and TAS (5 l), quercetin, catechin, and wine flavonoids or their metabolites (189 l) were evaluated as described for LDL.
MDA and CD were assayed as markers of oxidative damage. MDA equivalents were measured in 200 l of plasma by the thiobarbituric acid reactive substance method with the use of tetraethoxypropane as standard (43) , in the presence of hydroxytoluene and EDTA to avoid oxidation during the process. Thiobarbituric acid-reactive substances were extracted with butanol (vol/vol). The tubes were centrifuged at 450 g for 10 min, and the absorbance of the upper phase was measured at 535 nm. CD and total lipids were extracted from 100 l of plasma with chloroform and methanol (vol/vol) by being mixed for 10 min at 4°C and then centrifuged at 1,500 g for 3 min at 4°C. The supernatant was removed and 1 ml of distilled water was added, mixed for 10 min, and centrifuged in the same conditions. The chloroform phase was adjusted to a final volume of 2 ml with chloroform. An aliquot of the organic phase was carefully removed, dried in nitrogen stream at 37°C, resuspended in cyclohexane and CD were measured at 234 nm. Another aliquot was used to evaluate the total lipid concentration in plasma using a colorimetric test (bioMérieux; Lyon, France).
Drugs. All chemicals were of analytic grade and purchased from Sigma (St. Louis, MO), with the exception of starch (Panreac Química; Barcelona, Spain) and the mineral and vitamin mix (ICN Biomedicals; Aurora, OH).
Statistical analysis. Data are expressed as means Ϯ SE. Results were compared with the control group by the Student's t-test for unpaired observations.
RESULTS
DRW and diets. The gas chromatography analysis showed that DRW can be considered a nonalcoholic drink (alcohol degree Ͻ3 g/l) ( Table 2 ). The dealcoholization process did not alter the content of total phenols (3.1 Ϯ 1.5 and 3.2 Ϯ 0.5 g/l in red wine and DRW, respectively, expressed as gallate equivalents) ( Table 2 ). The phenolic compounds and anthocyanin content of DRW were similar to those of red wine before dealcoholization ( Table 2) .
All groups of rats had a similar mean food intake (30 g/day for the control group) and growth performance (50 g/10 day for the control group).
LDL determination. The intake of quercetin, catechin, or DRW did not affect LDL oxidizability. The lag phase, oxidation rate, and maximum CD level were similar to the control group (Fig. 1 ). No significant differences in ␣-tocopherol and retinol levels in LDL were observed in treated rats with regard to the control group (Table 3 ). The LDL fraction had similar TAS value in all groups (0.10 Ϯ 0.02 nmol/g protein for the control group) ( Table 3 ).
The HPLC profile of LDL from quercetin-, catechin-, and DRW-fed rats did not reveal the presence of quercetin, catechin, or wine flavonoids, respectively (data not shown). The ␤-glucuronidase/sulfatase treatment also showed the absence of quercetin, catechin, and flavonoid conjugates in LDL. Similar results were obtained when EDTA was not removed from LDL.
Plasma determinations. No significant differences in ␣-tocopherol and retinol levels in plasma were observed between the treated and the control group (Table 4 ). The TAS in plasma from rats fed quercetin-, catechin-or DRW-rich diets was significantly higher than in control rats (Table 4 ). MDA and CD levels in plasma did not differ ( Table 4 ).
The HPLC profile of plasma from control rats showed neither quercetin nor its glucuronide and sulfate conjugates ( Fig. 2A) . The HPLC profile of plasma from rats fed the quercetinrich diet was characterized by the absence of quercetin and the presence of three metabolites (Fig. 2B, peaks b-d) .
The enzymatic treatment revealed that the circulating metabolites in plasma corresponded to glucuro and/or sulfo con-jugates of quercetin plus one additional peak (e), probably isorhamnetin (27) (Fig. 2C) . Plasma from rats fed catechin-or DRW-rich diets did not show catechin, wine flavonoids, or their respective metabolites.
DISCUSSION
Atherosclerosis is a multifactorial disease and the oxidative modification of LDL is a key step in the formation of an atherosclerotic lesion. Studies carried out on the susceptibility of LDL to oxidation after supplementing diets with red wine gave controversial results (13, (17) (18) (19) 27) . The extent of the Values are means Ϯ SE, n ϭ 4 bottles of the same wine. No statistically significant differences between the two wines were observed. Fig. 1 . The effect of control, quercetin-, catechin-, or dealcoholated red wine-rich diets on oxidation of LDL induced by Cu 2ϩ ions. LDLs (50 g protein/ml) were incubated at 37°C in the presence of 6 M CuCl2 in PBS, and the process was continuously monitored by the change in absorbance at 234 nm. Results are expressed as means Ϯ SE, n ϭ 8 rats/group with two replicates. CD, conjugated dienes. A: lag phase; B: oxidation rate; C: maximum CD. inhibition of LDL oxidation when observed is not as great as in vitro inhibition (36) . Thus the beneficial effects of red wine remain a matter of debate. This report is an integrative study that considers the metabolism of flavonoids to elucidate whether ingested flavonoids can protect against atherosclerosis. Quercetin has a higher antioxidant activity than catechin, although the latter is quantitatively the major flavonoid in red wine (35) . Taking into account the half-life of VLDLs and LDL, a 10-day diet was sufficiently enough to assure the exchange of lipoproteins. Moreover, we have observed that this diet induces vasorelaxation ex vivo (3) . In this study, we have demonstrated that the resistance of LDL to Cu 2ϩ -catalyzed oxidation ex vivo was similar in the four groups of healthy rats, with special emphasis to the length of the lag phases, which is an accepted measure for the resistance of the LDL to oxidation. This agrees with the lack of effect of dietary flavonoids on intrinsic factors within the LDL particle such as antioxidants and with the absence of the ingested flavonoids (quercetin, catechin, and DRW) and/or its metabolites linked to the lipoproteins even in a LDL pool of four rats. Quercetin and catechin probably bind to the LDL particle in vitro by forming an ether (glycosidic) bond (19) or by ionic interactions with charged residues on the surface. Moreover, a low integration of polyphenols into LDL has been shown by in vitro experiments (19) and the antioxidant effect of some metabolites of quercetin and catechin on Cu 2ϩ -catalyzed LDL oxidation in vitro is lower than the aglycon (10, 26) . Furhman et al. (18) and Nigdikar et al. (27) measured indirectly the content of polyphenols in lipoproteins from volunteers after ingestion of a flavonoid-rich diet by the Folin-Ciocalteau method. According to Waterhouse et al. (42) , this method gives unrealistic values when applied to plasma because of interferences. An alternative to evaluate the antioxidant activity in lipoproteins is the measurement of TAS. However, similar values were observed in the four groups of rats. Even if small amounts of flavonoids or their metabolites were incorporated in LDL, they did not modify the resistance to oxidation or the ␣-tocopherol, retinol, and TAS levels of LDL. Thus their clinical relevance in preventing LDL oxidation in vivo should be questioned.
Several facts may explain the reported contradictory results of the effect of dietary flavonoids on LDL oxidation. It has Values are means Ϯ SE, n ϭ 8 rats/group. MDA, malondialdehyde; CD, conjugated dienes; OD, optical density. *P Ͻ 0.05, †P Ͻ 0.001. Fig. 2 . Representative HPLC chromatograms of plasma are shown. A: plasma from a control rat before enzymatic treatment; peak a is impurity. B: plasma from a rat fed the quercetin-rich diet before ␤-glucuronidase/sulfatase treatment; peaks b-d are nonidentified quercetin metabolites. C: plasma after ␤-glucuronidase/sulfatase treatment. Peak a is impurity and peak e is isorhamnetin. been shown (27) that EDTA was not properly removed from LDL after dialysis, although Hayek et al. (19) observed a reduction in LDL oxidation by flavonoids when using this method. In the present study, EDTA was eliminated from lipoproteins by a PD10 column, and the lag phase, oxidation rate and maximum CD formation in Cu 2ϩ -mediated LDL oxidation were similar in all groups of rats. However, attenuation of the atherosclerotic lesion and LDL oxidation has been observed after the consumption of red wine or flavonoids in apolipoprotein-E deficient mice (19) . The comparison of these results with our results suggests that the oxidative stress associated to atherosclerosis could modulate the antioxidant activity of flavonoids. Another possible explanation for the absence of LDL protection against oxidation is the retention of flavonoids or related compounds by the PD10 column (7) . However, the HPLC chromatograms had the same profile, which indicates that flavonoids or their derivatives are not retained by the column. Also, a proteolytic degradation of LDL (34) or loss of LDL-associated polyphenols (8) may take place during the isolation procedure used in ex vivo studies. The measurement of lipoprotein oxidation in an environment more closely resembling conditions in vivo may show different effects.
Because no flavonoids ingested or their metabolites were detected in LDL, we performed assays in plasma to assess their presence and antioxidant activity. We detected metabolites of quercetin in plasma after its ingestion, but neither catechin nor its metabolites were found. Because quercetin metabolites are more strongly bound to albumin than catechin metabolites, their elimination is delayed (24) and the half-life for the quercetin is longer than that of the catechin in human plasma after oral administration (18 h and 4 h, respectively) (3, 29) . Furthermore, no polyphenols or metabolites were detected in plasma of fasted rats fed a DRW-rich diet.
Plasma from rats fed quercetin-, catechin-or DRW-rich diets showed a higher TAS than plasma from control rats in accordance with others reports (15, 31) , and endogenous ␣-tocopherol and retinol levels were not modified by the diet. After ingestion, quercetin and catechin (15, 26) and other polyphenols circulate as metabolites, which are more hydrophilic than the aglycon compound and their effectiveness in vivo would depend on their antioxidant activity. In our conditions, the TAS technique is more sensitive in evaluating the presence of flavonoids or their metabolites than HPLC. It is likely that polyphenols or their metabolites could exert their antioxidant action in the blood bound to plasma proteins (5) or arterial wall even if a fraction is bound to LDL. Flavonoid metabolites may inhibit either the free radical formation or the propagation of free radical-mediated reactions. However, our results do not show any differences in MDA and CD levels in plasma between control and treated rats in basal conditions, as expected, because the rats were not submitted to any oxidative stress.
The beneficial effects of red wine or flavonoid-rich food at the cardiovascular level reported in epidemiological studies (20, 33) are difficult to explain at the LDL oxidation level. Recent studies in animal models involve either the antioxidant activity of red wine polyphenols (38) , extrinsic factors such as HDL-paraoxonase (19) or a mechanism independent of the inhibition of lipid peroxidation (37, 40) to provide protection against atherosclerosis. Nitric oxide has also been implicated in the in vivo beneficial effects of flavonoids (2, 23). Flavonoids induce vasodilatation by increasing nitric oxide, which is known to be a potent antioxidant of LDL in vitro (12, 21) . Both features among others may be involved in the low risk of cardiovascular disease induced by red wine intake.
This study suggests that quercetin, catechin, and flavonoids from DRW or their metabolites do not circulate in plasma linked to lipoproteins or the levels are too low to enhance the resistance of LDL to oxidation ex vivo in healthy rats. It is likely that indirect mechanisms would be involved in the prevention of cardiovascular disease by flavonoids. Better assays in lipoprotein oxidation ex vivo are needed to evaluate the beneficial effects of polyphenols or red wine consumption.
